In plants, trehalose 6-phosphate (T6P) is a key signaling metabolite that functions as both a signal and negative feedback regulator of sucrose levels. The mode of action by which T6P senses and regulates sucrose is not fully understood. Here, we demonstrate that the sucrolytic activity of RcSUS1, the dominant sucrose synthase isozyme expressed in developing castor beans, is allosterically inhibited by T6P. The feedback inhibition of SUS by T6P may contribute to the control of sink strength and sucrolytic flux in heterotrophic plant tissues.
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Keywords: allosteric inhibition; Ricinus communis (castor oil plant); sink strength; sucrose synthase; trehalose-6-phosphate Trehalose 6-phosphate (T6P) is an important signal metabolite that links plant development with carbon metabolism. T6P has been proposed to be a signal of sucrose status by regulating the production of sucrose in source leaves and the use of imported sucrose by sink organs such as developing seeds, in part via its inhibition of SNF1-related kinase 1 (SnRK1) [1] [2] [3] [4] [5] . Stress-resistant plant traits have recently been developed that have been linked to T6P and sucrose metabolism. For example, T6P phosphatase (TPP) overexpression, which reduces T6P levels, may improve the survival of submerged rice seedlings, reduce kernel abortion in drought-stressed maize, and increase maize yield under both droughtstressed and well-watered conditions [6] [7] [8] . The molecular mechanisms that maintain the link between sucrose and T6P are not fully understood, and their elucidation promises to accelerate the further development of crops with enhanced traits.
In sink tissues, such as developing fruits, seeds, and tubers, imported sucrose can either be hydrolyzed to glucose and fructose by invertase or cleaved by sucrose synthase (SUS) to produce UDP-glucose (UDPG) and fructose in a UDP-dependent manner. The SUS reaction is reversible in vitro, but labeling studies indicate that net SUS flux occurs in the sucrolytic direction in sink tissues [9] . Numerous mutant and transgenic studies have characterized SUS as a key determinant of yield and traits in major crop and forestry species, including cotton, maize, potato, pea, and poplar [10] [11] [12] [13] [14] [15] . We recently characterized the biochemical and molecular properties of RcSUS1, the major sucrolytic enzyme expressed in the oil-rich endosperm of developing castor beans and reported that its sucrolytic activity was insensitive to a wide range of potential metabolite effectors [16] . RcSUS1 exists as a homotetramer composed of 93 kDa subunits that are in vivo phosphorylated at Ser11 by the Ca 2+ -dependent protein kinase RcCDPK2 [17] . RcSUS1 belongs to the eudicot SUS1 group and has high sequence identity with soybean root nodule (GmSUS1) and Arabidopsis anoxia-inducible (AtSUS1 and AtSUS4) orthologs [16] . The aim of the present study was to assess the impact of T6P on the kinetic properties of native RcSUS1 purified to homogeneity from developing castor beans.
Materials and methods

Plant material and RcSUS1 purification
Castor bean plants (Ricinus communis cv. Baker 296) were cultivated in a greenhouse at 24°C and 70% humidity under natural light supplemented with 16 h of artificial light per day. Endosperm was rapidly dissected at midday from pods containing developing castor beans at various stages of development [18] , frozen in liquid N 2 , and stored at À80°C. Phosphorylated RcSUS1 was purified from stage V (midcotyledon) developing endosperm via FPLC and a portion dephosphorylated with k-phosphatase as in Ref. [16] . For the depodding experiments, stems containing intact pods of developing castor beans were excised and placed in water in the dark for up to 48 h.
Metabolite extraction and assays
T6P, phosphorylated intermediates, and organic acids were assayed in chloroform/methanol tissue extracts as described by Figueroa et al. [5] using an AB Sciex QTrap 5500 triple quadrupole mass spectrometer (https://sciex.com/). Calibration was done using enzymatically verified T6P standards and samples were spiked with a [6, H]T6P internal standard to correct for ion suppression [5] .
SUS activity assays and kinetic studies
Assays in the sucrolytic direction were conducted at 25°C by coupling fructose production to the reduction of NAD + via hexokinase and G6P dehydrogenase [16] , or by measuring production of reducing sugars (G6P and UDPG) with the Nelson-Somogyi method [19] . The assay mixture (Mix A) contained 50 mM HEPES-NaOH (pH 7.0), 30 mM sucrose, 1 mM UDP, and 1 mM MgCl 2 . All coupling enzymes were desalted before use, and absorbance measurements were made using a Spectromax Plus 340 microplate spectrophotometer (Molecular Devices, San Jose, CA, USA). Metabolite stock solutions were adjusted to pH 7.0 and made equimolar with MgCl 2 . V max , K m , and I 50 values (concentration of inhibitor producing 50% inhibition of SUS activity) were calculated using enzyme kinetics software as previously described [16] . All SUS assays were validated by showing that the amount of products being produced was proportional to both time and RcSUS1 concentration.
The continuous, coupled RcSUS1 assays were conducted as in Ref. [16] For end-point coupled enzyme assays with phosphosaccharide removal, reactions were allowed to proceed for 30 min in Mix A and then stopped by boiling for 5 min. The reaction mixture (200 lL) was loaded onto 0.5 mL Zebra Spin desalting columns (Thermo Fisher Scientific, Mississauga, ON, Canada) packed with 0.4 mL of Q-Sepharose Fast Flow (GE Healthcare, Mississauga, ON, Canada) pre-equilibrated with 25 mM HEPES-NaOH (pH 7.0) and Milli-Q H 2 O. After sample loading, columns were allowed to sit for 1 min, eluted by centrifugation (3000 g for 1 min), and then re-eluted with an additional 200 lL of Milli-Q H 2 O in order to maximize fructose recovery. Fructose in the combined eluates was measured with the same assay mixture as used for continuous coupled RcSUS1 assays, except that sucrose and UDP were omitted. NADH production was allowed to proceed to completion and measured after 1 h by determining the DA 340 .
SUS reactions assayed with the Nelson-Somogyi method were allowed to proceed for 30 min at 25°C in Mix A, and were then terminated by the addition of an equal volume (200 lL) of fresh Somogyi reagent (alkaline copper tartrate) [19] . Samples were incubated for 10 min at 100°C, cooled, reincubated for 10 min after mixing with 200 lL of the Nelson reagent (arsenomolybdate), and the A 500 determined. To calculate activities, a standard curve over the range of 0-0.1 lmol fructose was constructed for each set of assays.
SUS activity assays in the sucrose synthesis direction were conducted as in Ref. [16] by coupling the production of UDP to the oxidation of NADH via rabbit muscle pyruvate kinase and lactate dehydrogenase.
Statistics
All values are presented as means AE SEM. Data were analyzed using Student's t-test and deemed significant if P < 0.05.
Results and Discussion
T6P allosterically inhibits sucrolytic activity of RcSUS1
As shown in Fig. 1A , low T6P concentrations markedly inhibited RcSUS1's sucrolytic activity, with an I 50 (T6P) of 201 AE 7 lM. The degree of RcSUS1 inhibition by T6P was unaffected when the coupling enzyme concentration in the reaction mix was doubled. To corroborate these results, we also determined the impact of T6P on RcSUS1's sucrolytic activity by directly quantifying the production of reducing sugars via the Nelson-Somogyi method [19] and obtained an I 50 (T6P) value of 151 AE 48 lM (Fig. 1B) . The I 50 (T6P) value of RcSUS1 is similar to the K m (T6P) values of rice OsTPP2 and OsTPP7 (186 and 200 lM, respectively) [6, 20] , but somewhat higher than the I 50 (T6P) value of SnRK1 from developing maize kernels (50 lM) [7] .
The specificity of RcSUS1's inhibition by T6P was tested by comparing the effects of 1 mM T6P, glucose-6-phosphate (G6P), or glucose-1-phosphate (G1P) on sucrolytic activity (Fig. 1C) . As G1P and G6P interfere with both coupled enzyme and reducing sugar assays of sucrolytic SUS activity, we employed QSepharose anion-exchange resin to eliminate both hexose-monophosphate anions postreaction, followed by end-point quantification of fructose production via coupled enzyme assays (see Materials and methods). This strategy eliminated all detectable G6P and G1P, with minimal (<10%) loss of fructose. With this assay, 1 mM G1P had no effect on RcSUS1, whereas 1 mM G6P slightly decreased SUS activity (by less than 20%; P = 0.233). By contrast 1 mM T6P exerted a substantial inhibitory effect, reducing RcSUS1's sucrolytic activity by over 90% (P = 0.004) (Fig. 1C) .
Plant SUS proteins are frequently phosphorylated at a conserved seryl residue located near their N terminus, and in some instances this post-translational modification appears to modify SUS activity (e.g., [21] ). However, while RcSUS1 is stoichiometrically phosphorylated at Ser11 by RcCDPK2 during castor bean development, phosphorylation does not influence RcSUS1's substrate saturation kinetics [16, 17] . Likewise, phosphorylation at Ser11 does not influence RcSUS1's inhibition by T6P, as both phosphorylated and dephosphorylated forms of the enzyme showed no significant difference in the extent of their inhibition by 200 lM T6P (Fig. 1D) . Rather, in vivo phosphorylation at Ser11 appears to protect RcSUS1 from proteolytic turnover during castor bean development [16] , as had previously been suggested for soybean root nodule SUS [22] .
We next assessed the impact of T6P on RcSUS1's sucrose and UDP saturation kinetics. As shown in Fig. 1E , F, I 50 levels of T6P (i.e., 200 lM) elicited a marked (40%) reduction in RcSUS1's V max without significantly affecting its K m values for sucrose and UDP (P = 0.210 and 0.669, respectively). These results are consistent with a noncompetitive pattern of inhibition in which T6P binds to an allosteric inhibitor site distinct from RcSUS1's active site.
We also examined the effect of 200 lM G6P, G1P, or T6P on SUS activity in the sucrose-synthesizing direction. While G1P exerted no significant effect on SUS activity (P = 0.142), both T6P (P = 0.002) and G6P (P = 0.001) caused significant SUS activation, of 25 AE 3% and 42 AE 5%, respectively (Fig. 1G) . While the relevance of such activation in heterotrophic plant tissues is unknown given that labeling studies have shown that SUS acts mainly in the sucrose cleavage direction [9] , such reciprocal control might play a role in photosynthetic source tissues. G6P is known to promote sucrose synthesis by activating sucrose-phosphate synthase [23] .
T6P levels of developing castor beans appear to be sufficient to exert feedback control of sucrolytic flux via RcSUS1 inhibition An important question arising from our results is whether in vivo T6P levels of developing castor bean endosperm are sufficient to inhibit RcSUS1, a soluble cytosolic enzyme [16] . We therefore measured levels of T6P and other metabolites during castor bean development and following the elimination of photosynthate supply through fruit removal (Fig. 2, Fig. S1 ). As shown in Fig. 2 , T6P parallels sucrose, attaining a maximal level of approximately 8 nmolÁgFW À1 during the middle phase (i.e., stage V-VII) of castor endosperm development, which is much lower than the T6P levels of 49 and 119 nmolÁgFW À1 reported for developing maize and wheat seeds, respectively (Table S1 ) [3, 7] . However, inferring the in vivo cytosolic T6P concentration of plant cells is not straightforward due to uncertainties about its inter-and intracellular compartmentation. Based on the expression patterns of T6P-metabolizing enzymes [24] , it is likely that the cell-specific distribution of T6P is highly heterogeneous within a given tissue, including developing seeds [24, 25] . Also, although nonaqueous fractionation of Arabidopsis leaves indicated that T6P is mainly localized to the cytosol [4] , its presence in chloroplasts and other subcellular compartments cannot be excluded. The situation is further confounded in developing castor endosperm cells, wherein the majority of the cytoplasm is occupied by large vacuoles during early development, and then by protein-storing vacuoles and lipid bodies during later development [26, 27] . Furthermore, endosperm water content progressively declines as beans mature (Fig. S2) . As a consequence, a T6P level of 8 nmolÁgFW À1 in stage V-VII developing castor bean endosperm could equate to a cytosolic T6P concentration capable of exerting significant feedback inhibition of RcSUS1's sucrolytic activity (i.e., 50-200 lM 1 ), even without consideration of tissue-level heterogeneity. It is also feasible that RcSUS1's sensitivity to T6P inhibition is significantly amplified under in vivo conditions prevailing within the cytosol of developing castor beans.
When sucrose supply to the developing beans was eliminated by fruit excision (i.e., 'depodding'), the T6P content of stage V-VII endosperm significantly decreased (P < 0.001) by almost 95% within the next 48 h (Fig. 2B) . This was paralleled by marked reductions in levels of sucrose, glucose, and fructose, as well as several phosphorylated metabolites downstream of the SUS reaction, particularly UDPG, sucrose-6 0 -phosphate, and fructose-1,6-bisphosphate whose levels also RcSUS1 sucrose synthetic activity in the presence of 200 lM of various phosphosaccharides. All assays were conducted at pH 7.0; subsaturating (30 mM) sucrose was used for experiments reported in panels (A-D), whereas UDP saturation kinetics (F) were carried out with 100 mM sucrose. Asterisks denote significant differences from the control in (C,D,G). All values represent the mean AE SEM of n = 3 independent determinations; when invisible the error bars are too small to be seen. 1 If one assumes that T6P is cytosolic, that the cytosol occupies 10% of the total volume of a castor endosperm cell, and that 1 gFW of stage V-VII endosperm is equivalent to 0.6 mL of water (see Fig. S2 ), then 8 nmolÁgFW À1 equates to a cytosolic concentration of (13.3 x 10 nmolÁmL À1 of cytosol) = 133 µM.
dropped by at least 90% following depodding (Fig. 2B,  Fig. S1 ). Curiously, galactose-1-phosphate, which has been linked to ascorbate and xyloglucan/arabinogalactan biosynthesis [28, 29] , increased dramatically at 48 h postdepodding. Our earlier work demonstrated that depodding also abolished RcSUS1 transcription while triggering a progressive and marked reduction in RcSUS1 activity and polypeptide levels [16] .
T6P inhibition of SUS as a modulator of sucrolytic flux and sink strength?
The physiological relevance of RcSUS1 inhibition by T6P is somewhat puzzling, as one might expect that elevated sucrose (and T6P) levels would lead to the activation of sucrolytic enzymes in sink tissues. However, if one supposes that plant sink tissues aim to maintain sucrolytic flux in the face of a fluctuating photosynthate supply, rather than maintain a consistent sucrose concentration, SUS inhibition by T6P is rather sensible. In yeast, T6P is a negative regulator of glycolysis through its potent competitive inhibition of hexokinase (K i = 40 and 200 lM for hexokinase I and II, respectively) [30] . Although T6P does not exert a similar inhibitory effect on plant hexokinases [31] [32] [33] , it does appear to indirectly repress, mostly likely through its inhibition of SnRK1, transcription of various sucrose-unloading and sucrolytic enzymes, including sucrose transporters, SUS, and cell wall invertase [8, 34] . It will be of considerable interest to assess the impact of T6P on the activity of various SUS isozymes from other plant species, particularly those that are highly expressed in sink tissues such as root nodules or developing seeds. Inhibition of SUS sucrolytic activity by T6P may provide a complementary and more rapid means of regulating sucrolytic flux in heterotrophic sinks. Furthermore, SUS activity has been directly linked to phloem unloading and [39] , and may also regulate expression of sucrose transporters (SUTs and SWEETS) and cell wall invertase [41] .
sink strength in many species through mechanisms that have not been fully defined [35] [36] [37] . In sink tissues deprived of sucrose, a relief of T6P-mediated SUS inhibition compounded with the direct SnRK1-mediated enhancement of SUS transcription [38] may help to increase the supply of incoming photosynthate. We have created a model that integrates our findings with the known effects of T6P in sink tissues (Fig. 3) .
Given that SUS appears to be responsible for the production of UDPG in many sink tissues, and UDPG appears to be the limiting substrate for T6P biosynthesis by T6P synthase (i.e., UDPG is 20-fold less abundant than G6P in developing castor beans or maize kernels) (Fig. S1 ), we hypothesize that through its feedback inhibition by T6P, SUS may also contribute to the link between sucrose and T6P in accordance with the T6P nexus model [39] . The expression of different SUS isozymes could contribute to the establishment of the sucrose/T6P set point across tissues and developmental stages, perhaps in part explaining the unique stress-and development-specific expression profiles of seemingly redundant SUS isozymes [40] .
Concluding remarks
In conclusion, our results indicate that sucrolytic RcSUS1 activity of developing castor beans is subject to potent inhibition by T6P. Inhibition of SUS by T6P provides a post-translational control mechanism that is hypothesized to contribute to T6P-regulated sink strength in heterotrophic plant tissues. An analogous role was proposed for T6P's feedback control of yeast glycolysis via its potent inhibition of yeast hexokinase [30] . Feedback inhibition of SUS by T6P may contribute to sucrose and T6P homeostasis, and, if true, the expression of specific SUS isozymes could influence the T6P set point observed across different tissues and cell types over the course of plant development [41] . Much work remains to be done to elucidate the interplay between SUS, sucrose, and T6P signaling in heterotrophic sinks of vascular plants.
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